The Ca2' release channel and ryanodine receptor are activities copurifying with the 400,000-450,000 Da high molecular weight protein of cardiac and skeletal junctional sarcoplasmic reticulum. Calpain II, an endogenous cytosolic protease, was used to selectively degrade the high molecular weight protein in cardiac and skeletal muscle sarcoplasmic reticulum vesicles, and its effects on the activity of the Ca2' release channel and [3H]gryanodine binding sites were analyzed. Degradation of the high molecular weight protein was associated with appearance of 315,000 and 150,000 Da proteolytic fragments and with a change in the ultrastructure of the "feet," extravesicular projections that protrude from the junctional sarcoplasmic reticulum membrane. The maximal number of [3H]ryanodine binding sites and the affinities of the sites for ryanodine were not remarkably affected by calpain II. Ca2' release channels recorded from nondegraded cardiac and skeletal membrane vesicle preparations had slope conductances of 85 and 110 pS, respectively, measured with 1 ,&M cis-Ca2' and 50 mM trans-Ba2`. Proteolysis did not alter the unitary channel conductances but did increase the percentage of channel open times from 36% to more than 90%1. After proteolysis, channel opening remained dependent on micromolar cis-Ca24, and high concentrations of ryanodine (300 ,uM) still blocked the channel. Our results suggest that proteolysis of the Ca24 release channel with calpain II selectively impairs its inactivation, leaving its unitary conductance and the requirement for micromolar Ca24 intact. (Circulation Research 1990;67:84-96) E xcitation-contraction coupling in cardiac and skeletal muscle is postulated to require a transsarcolemmal Ca2' flux or signal that induces Ca2' release from the junctional sarcoplasmic reticulum (SR).l Ca2' release from junctional SR is postulated to occur through a Ca2' and nucleotidedependent channel.2-5 Recently, this Ca2' release channel/ryanodine receptor protein complex has been purified from both cardiac5-7 and skeletal muscle.4,8.9 The channel/ryanodine receptor complex
is composed of a 400,000-450,000 Da protein, frequently observed as a doublet after sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),5-9 which corresponds to the junctional SR high molecular weight (HMW) proteins previously characterized by our laboratory.10 When reconstituted into planar lipid bilayers, the purified cardiac and skeletal muscle ryanodine receptor complex is shown to behave as a large conductance divalent cation channel4,57 with electrophysiological properties identical to the channel that is detected with the use of intact SR vesicles. Channel activity of the purified protein is regulated by Ca2+, ATP, and ryanodine45 properties similar to the Ca2`release channel studied with intact vesicles." The data suggest that the ryanodine receptor and the Ca2`release channel of cardiac and skeletal muscle junctional SR are contained within the same HMW protein, which electron microscopy reveals to have a structure identical to the feet processes observed at the intact transverse tubule-SR junction.4712 Recently, Takeshima et al'3 deduced the amino acid sequence of the Rardon et al Calpain H Effect on Ca2' Release Channels 85 rabbit skeletal muscle ryanodine receptor. The predicted structure suggests the Ca2`release channel resides in the C-terminal region of the receptor molecule. The remaining portion of the molecule constitutes the foot process that spans the junctional gap between the SR and the transverse tubule.
Seiler et al10 demonstrated earlier that a Ca2`dependent neutral protease (calpain II) selectively degrades the HMW protein of cardiac and skeletal muscle junctional SR vesicles. The specificity of the protease for the HMW protein is remarkable -most other SR proteins are not degraded. Ca2`-dependent neutral proteases have been identified in several tissues including brain,'4 platelets,'5 liver, 16 and smooth muscle,17 as well as skeletal'8 and cardiac muscle. 19 In situ substrates for calpain II have been demonstrated in skeletal and cardiac muscle using myofibril preparations. The Z disks of both striated and cardiac muscle are especially sensitive to Ca`4dependent proteolysis.20 Moreover, homologous structures in smooth muscle, dense bodies and membrane plaques, are also sensitive to calpain II digestion.2' a-Actinin, a major protein associated with the Z disk, is released from the myofibril as a result of proteolysis by Ca2-dependent protease. 22 '23 Detailed studies of calpain II effects on membrane proteins of striated muscle have not been performed to date. The specificity of the protease as a probe for the HMW proteins may allow us to gain new insights into Ca2' release channel function, as well as to further our understanding of the function of the protease itself. Nonselective proteases, like trypsin, have been used in the past to study channel function and have specifically provided information on protease-induced change in inactivation of sodium channels. 24, 25 We report here the effects of calpain II, an endogenous cytosolic Ca2-dependent thiol protease, on the Ca2' release channel/ryanodine receptor proteins of cardiac and skeletal junctional SR vesicles. Calpain II selectively degrades the 400,000-450,000 Da proteins, at the same time removing a large portion of the cytoplasmic extensions of the feet from junctional SR vesicles. Associated with this degradation is a prolonged open state of the Ca2+ release channel, but there is no significant change in the numbers or affinities of [3H]ryanodine binding sites.
Prolongation of channel open time suggests that calpain II may selectively digest a cytoplasmic region of the junctional feet that is essential for inactivation of the Ca24 release channel.
Materials and Methods
Membrane Preparation
Cardiac junctional SR vesicles were isolated from canine left ventricular tissue essentially as described previously.26 '27 Modifications included omission of the Ca2+ oxalate loading step and high ionic strength salts from the sucrose gradient solutions.5 Briefly, left ventricular tissue was minced and homogenized in 10 mM NaHCO3 three times for 30 seconds with a Polytron (Kinematica, Lucerne, Switzerland). The homogenate was centrifuged in a rotor (model JA-14, Beckman Instruments, Inc., Fullerton, Calif.) at 8,700 rpm for 20 minutes. The supernatants were sequentially centrifuged in a Beckman JA-14 rotor at 10,000 rpm for 20 minutes and in a Beckman JA-20 rotor at 19,000 rpm for 30 minutes. Pellets from the 19,000 rpm spin were resuspended in 30 mM histidine (pH 7.0) and centrifuged in a Beckman JA-20 rotor at 19,000 rpm for 30 minutes. The sedimented material was resuspended in 0.25 M sucrose and 10 mM histidine (pH 7.0), and SR subfractions were separated by centrifugation through discontinuous sucrose gradients (0.25, 0.6, 0.8, 1.0, and 1.5 M sucrose steps in 10 mM histidine) at 27,000 rpm for 2 hours in a Beckman SW-27 rotor. The junctional SR fraction was recovered from the 1.0/1.5 M sucrose interface, resuspended in 0.25 M sucrose and 30 mM histidine (pH 7.4), and stored frozen at -20°C. Ca2+ uptake by this fraction was stimulated fivefold to 10-fold by 100 ,uM ryanodine. 27 In one experiment ( Figure 5 ), vesicles recovered from the 0.8/1.0 M sucrose interface (SRc) were analyzed. SRc vesicles are also enriched in junctional SR vesicles.
Skeletal muscle junctional SR vesicles were prepared from 300-400 g fresh white hindleg rabbit muscle by a modification of the method of Seiler et al. 10 Chopped muscle was suspended in 0.3 M sucrose and 5 mM imidazole (pH 7.4) and homogenized for 1 minute at full speed in a Waring blender. The homogenate was centrifuged in a Beckman JA-10 rotor at 8,000 rpm for 10 minutes, and the supernatant was discarded. The pellet was resuspended in the initial buffer, homogenized in a Waring blender for 1 minute at full speed, and centrifuged for 15 minutes in a Beckman JA-10 rotor at 8,000 rpm. The supernatant was poured through four layers of cheesecloth into Beckman JA-20 tubes and centrifuged for 90 minutes at 20,000 rpm in a Beckman JA-20 rotor. The microsomal pellet was resuspended in the same buffer and layered onto a discontinuous sucrose gradient with 27%, 32%, 35%, and 45% sucrose steps dissolved in 5 mM imidazole-HCI (pH 7.4). SR fractions were separated by centrifugation in the Beckman SW-27 rotor for 15 hours. The fast skeletal muscle junctional SR subfraction was recovered from the 35-45% sucrose interface.
After pelleting and resuspension in 0.3 M sucrose and 5 mM imidazole (pH 7.4), samples were stored frozen at -20°C. Calpain II Digestion of SR Vesicle Proteins Calpain II prepared from chicken gizzard16 was used to selectively degrade the HMW proteins of junctional SR vesicles. Calpain II digestion of cardiac or skeletal muscle junctional SR vesicles was performed in a digestion buffer containing (mM) CaCl2 1.2, NaCl 50, 3 -(N-morpholino)propanesulfonic acid (MOPS) 20, and dithiothreitol 2 (pH 7.1), with varying amounts of membrane protein. Digestions were initiated by adding different amounts of calpain II (a heterodimer composed of 76,000 and 30,000 Da subunits) from a concentrated stock solution (1-2 mg/ml). The calpain II/SR protein weight ratios were varied as described in the figure legends. Digestions were terminated at the specified times either by addition of leupeptin to a final concentration of 10 gM or by the addition of ethylene-bis[oxyethylenenitrile]tetraacetic acid (EGTA) to a final concentration of 5 mM. Samples were then subjected either to SDS-PAGE, electron microscopy, or planar bilayer analysis. For planar lipid bilayer experiments that examined incorporation of predigested vesicular membranes, SR vesicles were digested as described above for 30 minutes (calpain II/protein weight ratio of 1:400) and a 1-,ul aliquot (-1 ,ug SR protein) was pipetted into the cis chamber of the bilayer apparatus that had a volume of 4 ml.
[3H]Ryanodine Binding Assay
[3H]Ryanodine binding to control and calpain IItreated junctional SR vesicles was performed in 0.2 ml incubation medium containing 20 mM MOPS, 0.25 mM sucrose, 0.5 M KCl, 2 mM dithiothreitol, 0.06 mM CaCI2, and 0.2 mg bovine serum albumin (pH 7.0). Samples were incubated at 370 C for 1 hour in the presence of varying concentrations of [3Hjryanodine.
Nonspecific binding was measured in the presence of 10 ,M nonradioactive ryanodine. Bound and free [3H]ryanodine were separated by filtration through GF/C filters (Whatman Inc., Clifton, N.J.). 5 [3H]Ryanodine retained on the filters was quantitated with a liquid scintillation counter (model 2000, Packard Instrument Co., Inc., Meriden, Conn.).
Electron Microscopy
For preparation of membrane samples for standard transmission electron microscopy, control and calpain Il-digested vesicles were fixed by vortexing vesicle suspensions with 0.1 vol of 25% glutaraldehyde, with or without 5% tannic acid, and 200 mM sodium cacodylate (pH 7.2), followed by overnight incubation at 40 C. Fixed samples were then mixed with 0.2 ml of 0.1% dextran and passed across a 0.1 ,M filter (Millipore Corp., Bedford, Mass.) using a VFM vacuum manifold (Amicon, Lexington, Mass.).28 Filters were removed and placed sample side down into glass vials and rinsed four times with Michaelis buffer to remove residual glutaraldehyde. Samples were then postfixed in 1% osmium tetroxide overnight at 40 C, block-stained for 2 hours at room temperature in 0.5% uranyl acetate, and dehydrated in a graded series of alcohols. The alcohol was replaced with three changes of propylene oxide, which dissolved the filter and left a fixed vesicle film. This film was transferred into Epon and/or embedded. Thin sections were obtained by using a Sorvall MT-5000 ultramicrotome (Du Pont Co., Wilmington, Del.), followed by counterstaining with lead citrate for 10 minutes and 2% uranyl acetate for 30 minutes.
Sectioned samples were examined with a Zeiss trans-mission electron microscope (Carl Zeiss, Inc., Thornwood, N.Y.) operating at 80 kV. 
SDS-PAGE and Protein

Planar Bilayer Measurements
Single-channel activities were recorded by the Mueller-Rudin lipid bilayer technique.32 A mixture of phosphatidylserine and phosphatidylethanolamine (4:5 weight ratio) in decane was painted over a 0.25mm diameter hole in the polycarbonate partition that separated the cis and trans chambers of the bilayer apparatus. The cis chamber, to which vesicles were added, contained (mM) CaCl2 1, EGTA 1, tris(hydroxymethyl)aminomethane 125, and HEPES 250, pH 7.4, unless otherwise specified. The calculated ionized calcium concentration in the cis chamber was 1 jiM. The trans chamber contained 50 mM Ba(OH)2 and 250 mM HEPES (pH 7.4). Ca2' release channels were identified as negative current deflections of approximately 4-6 pA at 0 mV holding potential.
The cis chamber was connected to the input of a modified patch-clamp amplifier (model 8900, Dagan Corp., Minneapolis), and the trans chamber was connected to ground. Single-channel currents were filtered at 1 kHz and stored on videotape using an audioprocessor.33 For analysis, signals were filtered at 250 Hz with an eight-pole Bessel filter (model 902, Frequency Devices, Haverhill, Md.) and digitized at 5 kHz. Single-channel analysis was performed using custom designed software on a PDP 11/23 computer5 or with the Strathclyde analysis programs (provided by J. Dempster, University of Strathclyde, Glasgow, U.K.) on an IBM PC. Channel events were determined using a 50% threshold crossing algorithm. Channel open probability (P0) was determined from continuous 30-second data segments under control conditions and after exposure to calpain II. A minimum of 2 minutes of continuous data was analyzed to determine mean PO. Electrophysiological experiments examining effects of added calpain II on calcium release channel activity was performed at final bath concentrations of calpain II between 50 and 250 nM. Lower concentrations of calpain II produced inconsistent effects on P0 and were not studied further. 
Results
Protease Degradation of HMW Proteins
We previously demonstrated that calpain II selectively degrades the HMW proteins of junctional SR vesicles isolated from either cardiac or skeletal muscle.10 Figure 1 (left panel, Coomassie bluestained gel; right panel, gel scan) shows the time course of digestion of cardiac junctional SR vesicles by calpain LI at a protease/vesicular protein weight ratio of 1:400. Over a 30-minute time course, the intact 400,000 Da protein is converted to a 150,000 Da limit peptide through a series of higher molecular weight intermediates. The first intermediate identifies the 350,000 Da lower molecular weight component of the doublet sometimes prominent in intact SR vesicles,10 suggesting that this component is a proteolytic fragment of the 400,000 Da protein. Figure 1 points out the remarkable specificity of calpain II for the HMW proteins of cardiac SR vesicles. Even after a 30-minute incubation at a protease/SR protein weight ratio of 1: 20, the HMW protein remains the only major protein degraded. Figure 2 shows results of a similar experiment conducted with skeletal muscle junctional SR vesicles. Results were qualitatively similar to those obtained with cardiac SR vesicles. The HMW protein was the major protein degraded, and fragments of 350,000, 315,000 and 150,000 Da were also detected. Figure 3 illustrates the calpain II dose-effect curve for degradation of the 400,000-450,000 Da proteins of cardiac and skeletal muscle. In these experiments, membrane vesicles were incubated with calpain II for 10 minutes. Calpain lI at low concentrations degrades the HMW protein (EC50 for cardiac and skeletal junctional sarcoplasmic reticulum were 21.1 and 16.2 nM, respectively). With increasingperiods ofproteolysis, the 400 kDa protein (high molecular weight [HMW]) is degraded to a 150 kDa limit peptide (** *) through a series of higher molecular weight intermediate products, 350 kDa (*) and 315 kDa (* *). Panel B: Gel scan of the polyacrylamide gel depicted in panelA. This scan demonstrates the time-dependent (in minutes) degradation ofthe 400 kDa protein (HMW) and associated appearance of the 350 kDa (*), 315 kDa (* *), and 150 kDa (* * *) degradation products. The scale below indicates approximate molecular weights in kDa x 10 2, Electron Microscopy of Junctional SR Vesicles Figure 4 shows representative electron micrographs of skeletal muscle junctional SR vesicles before and after proteolysis by calpain II. Junctional SR vesicles are identified by feet processes of 27-nM diameter projecting 12 nM from the bilayer surface and by characteristic diffuse intraluminal staining material, which is attributed to calsequestrin.34735 After incubation of SR vesicles with calpain II under conditions in which proteolysis of the HMW proteins is complete, the ultrastructure of the feet proteins is changed. The feet are less well-defined and appear partially degraded. Review of electron micrographs from several digestions demonstrates that proteolysis does not remove the entire cytoplasmic extensions of the feet processes. Instead, small stubby projections remain, giving the feet a shaved-off appearance. Thus, certain extramembrane domains of the channels appear to be sensitive to Ca2'-dependent proteolysis. Figure 4 (panels C and D) shows representative control and calpain Il-digested vesicles at higher magnification, where the ablative effect of the protease is accentuated.
[3H]Ryanodine Binding to Junctional SR Vesicles Figure 5 shows that Ca2'-dependent proteolysis of cardiac and skeletal muscle junctional SR vesicles has no remarkable effect on their ability to bind [3H]ryanodine. After a 30-minute incubation of vesicles with calpain II at a protease/SR protein ratio of 1:400, the maximal binding site density of cardiac membranes for ryanodine is decreased slightly was added on the cis side of the bilayer to allow autolysis to activate the protease.
The effects of calpain II on PO are illustrated in a different fashion in Figure 8 . Panel A illustrates the control total current amplitude histogram recorded from 5 minutes of continuous data after incorporation of a skeletal calcium release channel into the bilayer. The distribution of current amplitude is centered primarily around 0 and -6. Figure 9 . In tracing 2 of Figure 9A , channel incorporation is reflected as a sudden change in membrane conductance. After incorporation, the channel remained open for 5 minutes (channel open time >90%, data not shown). By using these buffer conditions, such prolonged openings were never observed with control (nondigested) SR vesicles. As observed when digestion was performed in the buffer (Figure 7) , the unitary conductance of predigested Ca2' release channels did not differ from that of control vesicular preparations. Approximately 8 seconds after addition of 300 ,M ryanodine to the cis chamber (tracing 3 of Figure 9A ), the channel closed and remained closed throughout the remainder of this experiment. After addition of this high concentration of ryanodine, the bilayer conductance did not differ from the bare bilayer conductance, suggesting the channel was in the closed state and not open at a subconductance level. Ryanodine in nanomolar concentrations did not close the calpain IIdegraded channel or induce a lower conductance state (data not shown). Figure 9B demonstrates the effect of lowering the cis-Ca2' concentration from 1 ,uM to 10 nM on Ca2' release channel activity of skeletal muscle junctional SR vesicles. Tracing 1 is a control record that demonstrates frequent transitions between the open and closed state. Tracing 2 demonstrates the expected effect of adding preactivated calpain II, which is production of a prolonged open state without alteration of the unitary channel conductance. EGTA (5 mM) added to the cis chamber then resulted in closure of the channel with only occasional brief openings noted. These results demonstrate that the calpain II-activated channel still requires micromolar Ca21 on the cis side of the bilayer to remain open. Discussion In this study, calpain II was used to probe the morphology and function of the Ca2' release channel of cardiac and skeletal muscle junctional SR vesicles. We observed that calpain II selectively degraded the HMW proteins of both types of SR vesicles. Associated with this proteolysis was an apparent loss of a portion of the cytoplasmic projections of the feet and a substantial prolongation of the Ca2' release channel open state. Channel activity after protease treatment still required micromolar Ca2' on the cis side of the bilayer, and inhibition of the channel by high concentrations of ryanodine as well as [3H]ryanodine binding remained intact. Therefore, calpain II appears to selectively affect certain aspects of Ca2' channel gating and, at the same time, to leave several regulatory sites intact. In combination, these results imply that distinct structural and functional domains exist on the Ca2' channel molecule. Since selective degradation of the HMW protein by calpain II was associated with a change in the morphology of the junctional feet, our data further support the hypothesis that the HMW protein is an integral part of the foot structure. 34, 38, 39 Trypsin degradation of HMW proteins of skeletal muscle junctional SR vesicles and associated effects on All of the papers, however, acknowledge that trypsin is a nonspecific protease and degrades many SR proteins other than the HMW proteins, causing concern that a large general increase in SR permeability might influence 45Ca21 uptake and efflux measurements. Only Based on the model of the rabbit skeletal calciumrelease channel proposed by Takeshima et al,13 it is only possible to speculate on possible calpain II cleavage sites within the 400,000-450,000 Da protein. Degradation to a 150,000 Da limit peptide (Figures 1 and 2, lane 7) , without loss of [3H]ryanodine binding activity or Ca2' release channel activity (which remains regulatable by ryanodine and Ca2+), suggests a possible proteolytic degradation site between the cytoplasmic foot region and the postulated modulator binding sites preceding segment Ml of the calcium-release channel. However, one must interpret such results with caution. The lipid bilayer technique is very sensitive, and only a single larger peptide fragnent with channel activity may be required to demonstrate channel activity. Alternatively, several cleaved domains of the channel essential for activity could continue to interact in the SR membrane or in vesicles fused with planar bilayers. Conclusively, we can state that calpain II digestion of the 400,000 Da protein removes the ability of the channel to inactivate. It is not yet known whether several or a single calpain II cleavage site is responsible for removal of channel inactivation. Since calpain II is the predominant form of this class of Ca2'-dependent protease in the cytoplasm of cardiac muscle, it is possible that it may play an important role in both normal and abnormal physiological states. Concerning the former, Ca2'-dependent proteolysis could be important for maintaining normal turnover of the Ca2' channel protein. On the other hand, pathophysiological states in cardiac (i.e., myocardial ischemia) or skeletal (i.e., Duchenne's muscular dystrophy) muscle characterized by elevated resting levels of Ca2' may lead to increased calpain II activity. Selective degradation of SR Ca2' release channels giving prolonged channel open times could provide a specific mechanism for irreversible Ca2' overload states. Recently, myocardial ischemia was found to depress SR Ca2' uptake, presumably by opening SR calcium release channels. 46 The present results suggest that selective degradation of cardiac feet proteins by calpain II may contribute to such a phenomenon.
